I. INTRODUCTION

L
INEAR beam, O-type vacuum electron devices (i.e., traveling wave tubes and klystrons) have experienced considerable difficulty achieving high-average power levels at the high-frequency range due to their complex and tiny circuit geometries and space-limiting magnetic confinement structures when compared to fast wave devices. Japan [1] , Russia [1] , Germany [3] , and the USA [3] have been leading the way in the development and demonstration of gyrotrons at high frequencies producing megawatts of power [5] , [6] . Gyrotron devices typically serve as sources of single frequency and hence their applications are limited. Gyro-amplifiers have a wider range of applications, but they still suffer from large magnetic field requirements. Linear beam devices like klystrons and traveling wave tubes, being amplifiers, have a significantly wider range of applications: high-data rate communications [7] , concealed weapon detection [8] , remote chemical and biological warfare agent detection [9] , remote high-resolution imaging [10] , chemical and biological spectroscopy [11] , deep space research [12] , biomedical diagnostics [13] , material research and processing [14] . In recent years, advancements have been made in electron and electromagnetic wave interaction modeling software [15] as well as in microfabrication technologies [16] - [19] allowing for the development of advanced linear beam devices for operation at frequencies above 1 GHz and up to 1 THz. Examples of other W-band sheet beam amplifier developments include [20] - [23] . The work contained here in reports on mechanical designs and manufacturing techniques employed in development of a high-average power 94-GHz sheet beam klystron amplifier; the design and manufacturing techniques reported here can be further applied to the development of other high-average power, high-frequency vacuum electron devices.
The 10-kW continuous wave (cw) W-Band sheet beam klystron (WSBK) consists of a sheet beam electron gun designed by stanford linear accelerator center [24] , an eight-cavity klystron amplifier circuit designed by the UC Davis millimeter-wave research group [25] , [26] , a permanent cusped magnet-quadrupole magnet (PCM-QM) magnetic confinement structure designed by the UC Davis millimeter-wave research group in collaboration with Wang [30] , and a multistage, depressed collector designed in collaboration between the UC Davis millimeter-wave research group and Shi [31] . The original development of the WSBK was conceived by Scheitrum et al. [32] , [33] , [35] , [36] and Colby et al. [34] under the UC Davis Multidisciplinary University Research Initiative program as a collaboration between SLAC and UC Davis with the goal of designing a pulsed device producing 2.5 kW of average RF power that could be combined into a four-pack device with average output of 10 kW. With further development by UC Davis, 56 kW of peak RF power and over 43-dB gain was demonstrated based on the design reported in [25] and the circuit design was further modified to operate in cw operation with lower beam voltage and current to produce 10 kW of RF power with 35-dB gain in cw mode. It achieved its design parameters (10 kW with 34-dB gain) in short pulse operation. During long pulse conditioning, the device demonstrated a 20-ms duration 10-kW RF pulse with 17-dB gain and 97% beam transmission. However, unfortunately an electron beam instability [37] , [38] caused a puncture near the input cavity increasing the vacuum level to 1 × 10 −5 torr scale and rendering the device inoperable. Adequate fast body current arc detection and crowbar system would have prevented this. The puncture was observed via a miniature flexible endoscope, but only an optical image of the crater visible through the beam tunnel opening is available (Fig. 1) . Although full cw operation was not achieved, 20 ms long pulse capability provided confidence in the breakdown resistant gun design given that the transition from pulsed to cw breakdown limitations is typically given as a few tens to a few hundreds of microseconds [27] , [28] . Furthermore, as reported in [29] , 0.25 mm of the material thickness will experience over 85% of the eventual temperature rise after a 20-ms duration RF signal. Therefore, during the long pulse testing, the cavities were essentially at their final deformed state when 10-kW RF signals were demonstrated. This paper presents the mechanical design and manufacturing techniques employed during the development of this cw WSBK amplifier. The primary challenge for the mechanical design was in achieving the high-heat flux power handling in the confined space of this compact amplifier; the PCM-QM magnet stack spacing was only 8.4 mm. The primary challenge for the manufacturing approach was in enabling the mechanical design, while also achieving the required tolerances and ultrahigh vacuum environment with the selected material.
The cw version of the WSBK was designed to operate at the frequency of 94 GHz with a 54-kV and 2A-sheet electron beam producing 10 kW of cw RF power. The beam tunnel that runs through the circuit of the WSBK tube is 8×0.72 mm in size, while the electron beam traveling through it is 6 × 0.48 mm in size. Electromagnetic simulations predict 96% beam transmission [30] -or that about 4.3 kW of power is lost to heat in the beam tunnel. Furthermore, ohmic heating due to RF losses accounts for an additional 7 kW of heat being lost in the output cavity of the klystron. As a result, the output region of the circuit must be able to dissipate about 12 kW of heat, remain dimensionally stable, and be at a sufficiently low stress state so that permanent deformation and cracking on the cavity surfaces does not occur. The frequency and efficiency of the WSBK tube is sensitive to changes in the dimensions of the cavities; a 3-μm deviation from the design of 1-D in one out of the eight cavities could cause the resonant frequency to shift by 100 MHz, thereby dropping the output power of the device by up to 30%. A solid model of the WSBK assembly and its cross section are shown in Fig. 2(a) and (b) ; the first fabricated 10-kW WSBK assembly is shown in Fig. 2(c) , and the circuit half before final bonding and outside machining is shown in Fig. 2(d) .
II. MECHANICAL DESIGN A. Design Space
The mechanical design space of a high frequency and highaverage power vacuum electron device must incorporate a vacuum envelope through which the electron beam travels, an electrically conductive surface of the circuit's structure for electromagnetic interaction, a strengthened material structure for thermal management, and a cooling medium for heat removal. This design space is constrained geometrically by the location of the electron gun with respect to the circuit, the surrounding magnetic confinement structure, the RF input and output windows, and the collector. Three state-of-the-art technologies that permit the production of high-RF power at high frequency in a compact form are: sheet electron beams, permanent periodic magnetic structures, and high-current density thermionic cathodes. While these approaches enable highpower production, they constrain the thermal and mechanical design so that often the design is deemed impossible to realize. It is only with detailed analysis and manufacturing considerations in mind at the design stage that the possibility of operation of such devices can be demonstrated.
B. Material Selection
Material options that can be used for manufacture of a microwave circuit are limited; copper is most commonly used for circuit manufacturing due to its high-electrical conductivity. However, when material yield strength is considered, copper become a less desirable choice for a high-heat-flux application. A fully constrained volume of copper would experience about 200 MPa of thermal stress due to a temperature change of 100°C. While cold worked copper can have a yield strength on the order of 400 MPa, annealed copper (a thermal cycle exposing copper to temperatures of over 400°C anneals it) usually has a yield strength below 50 MPa. Copper alloys such as silver-copper, zirconiumcopper, chromium-copper, and others can be employed to achieve higher strength, but solid solution strengthened materials also often experience reduced performance parameters after a high-temperature cycle.
Due to its relatively high electrical and thermal conductivities and resistance to softening, Glidcop Al-15 low-oxygen grade was chosen over oxygen free high conductivity copper. Glidcop Al-15 is aluminum oxide dispersion strengthened copper. It is manufactured by exposing a dilute solid solution of copper-aluminum to an oxidizing environment so that aluminum forms aluminum oxide within the copper matrix creating hard, extremely fine, well dispersed alumina particles that strengthen the copper matrix by preventing dislocation motion [39] . The Glidcop powder is then formed into the desired shape by being poured into a copper cladding and extruded or hot isostatic pressed until full density is achieved. The resulting material retains its high strength even after exposure to high-temperature cycles. Glidcop Al-15 retains thermal and electrical conductivity values close to those of copper: 8% reduction in electrical conductivity, and 13% reduction in thermal conductivity at room temperature. Some of the Glidcop properties are orthotropic (commonly denoted with L for longitudinal and T for transverse directions) due to the directionality of the extrusion process when the Glidcop stock is manufactured. Glidcop grain size ranges between 5 and 15 μm in the longitudinal direction and 0.2-0.5 μm in the transverse direction. Alumina particle size varies between 3 and 12 nm with inert-particle spacing of 30-110 nm and particle density of 10 16 to 10 17 per cm 3 . The alumina dispersoids provide strength to this material even after multiple high-temperature exposures [40] .
For cw WSBK design, cold worked dispersion strengthened copper is used in combination with as-extruded dispersion strengthened copper. The yield strength of Glidcop Al-15 strengthened by cold rolling is lowered by about 15% with each subsequent high-temperature heating cycle (such as brazing or diffusion bonding). The cold rolled Glidcop plate houses the microcooling channels and the cavities of the WSBK circuit, whereas the remainder of the tube's body is comprised of as-extruded Glidcop Al-15. The yield strength of the cold rolled plate is expected to be about 530 MPa. The 0.12-in-thick Glidcop plate was rolled from 0.75 in bar. Fig. 3 provides a summary of the yield and ultimate strengths of three samples exposed to an hour long heat treat cycle. Room temperature strength is plotted as the first datum for reference purposes; the strength of as-extruded "Declad" was also added. Note that the more cold work the material experienced, the steeper the curve of softening. In other words, material that has gone through less cold work will tend to retain its strength better after a heat treat cycle. For example, the yield strength of the 0.05-in-thick (87% cold work) test sample is 11% lower than that of the 0.008-in-thick sample (98% cold work) at room temperature, whereas after exposure to a 1000°C heat treat cycle-it is 53% higher (407 MPa).
C. Cooling Channel Design
To provide the appropriate cooling rate at the high-heat flux locations and to keep the deformation of the circuit cavities to a minimum, a hybrid cooling channel design was chosen using two sizes of the cooling channels: microcooling channels (0.01 in wide by 0.03 in deep) and macrocooling channels (0.03 in wide and 0.06 in deep). Microcooling channels provide most of the heat removal capability to the device; they also provide stress relief for the cavity walls by allowing the wall to deform into the cooling channel during operation. Macrocooling channels keep the overall temperature of the device constant, hence keeping cavity deformation within required tolerances. Fig. 4(a) and (b) shows cross section view of the output cavity region of the klystron showing microcooling channels that fit in-between the circuit cavities across the beam tunnel and macrocooling channels that run along the beam tunnel above the microcooling channels. Each side of the circuit has 47 microcooling channels (total of 94) and eight macrocooling channels (total of 16). Fig. 4(c) shows a wireframe view of the klystron tube exposing the microcooling channel circuit; there is a single input and output in this circuit providing coolant to both top and bottom microcooling channel circuits. Fig. 4(d) shows the macrocooling channel circuit with two inputs and two outputs; each provides coolant to both top and bottom macrocooling channels.
Since a permanent periodic magnet structure is used for electron beam confinement in this WSBK, space where the circuit vacuum envelope and the cooling channels between the two magnetic structures need to fit within is limited to less than 8.4 mm. Several cooling channel design variations have been analyzed to find the most effective approach within the given space constraints. A set of microcooling channels is routed to the anode area, where 1% of the beam interception is expected due to beam focusing limitations [30] . The rest of the microcooling channels are located near the output cavity as well as around the three penultimate cavities, where the remainder of the beam interception was expected resulting from beam modulation due to the rf interaction.
Cooling parameters employed in this device are summarized in Table I , where Re is Reynold's number, D h is the hydraulic diameter, U is the flow velocity, L is the channel length, P is the pressure drop through the length of the channel, Nu is the Nusselt number, h is the film heat transfer coefficient, anḋ Q is the flow rate.
D. Thermal-Stress Analysis
A model of the circuit including cooling channel designs was developed and a thermomechanical analysis was performed using analytic stress state analysis [42] as well as the ANSYS thermomechanical solver. The finite-element analysis model consisted of 3 277 288 nodes and 1 004 719 elements. To resolve the smallest features in the high-heat flux areas, the element size local to the output and penultimate cavities was set to 0.15 mm; the mesh outside of these features was increased, but set to have at least three elements through the thickness of the members.
The selected design for the circuit cooling approach ensures less than 2 μm of deformation within the cavity and a factor of safety of 1.5 on yield strength. The highest temperature within the circuit is at the beam interception locations and it reaches 80°C at the surface. Fig. 5(a) and (b) shows the finite-element mesh of the device; the temperature distribution within the circuit structure is shown in Fig. 5(c) ; deformation and von Mises stress distribution are shown in Fig. 5(d)-(f) , respectively. Thermomechanical analytic analysis predicts that While the original, high-peak power pulsed version of the device employed cavities with sharp corners, for the cw version of the WSBK, the cavities were redesigned to include 0.1-mm radius at the bottom of each cavity to allow for stress concentration reduction at the corners, see Fig. 4(b) .
III. MANUFACTURING APPROACH A. Multilayer Design
To bring appropriate cooling near the areas where it is needed, a multilayer design has been employed. A multilayer design is limiting; it works well when most design features have similar depth to them and when cooling and vacuum envelopes can be separated into subcomponents or layers. Designs that employ permanent periodic (or cusped) magnets for magnetic confinement of the electron beam are particularly suitable for multilayer designs. Also, more manufacturing techniques can be employed with layered designs. For example, LIGA (German acronym for lithography, electroplating, and molding) based techniques can be employed to create circuit and cooling channel features, and microwire-electric discharge machining can be employed to create intricate features rapidly in multiple material layers creating complex geometric shapes after combination of the layers. Multilayer design, in a sense, is very similar to manufacturing processes employed in the production of microchips, but it is implemented on a much larger spatial scale.
The essential aspect of a successful multilayer design is a high-quality bond between the layers, since that is what prevents rf current losses at the gaps between the bond layers as well as provides ultrahigh vacuum holding capability to the device. Diffusion bonding and brazing can be employed to bring the layers together. To achieve a successful diffusion bond, both of the bonding surfaces have to be extremely flat and parallel. Flatness and parallelism specifications for copper are usually between 0.0002 and 0.0005 in depending on the size of the part. The requirement for surface roughness is specified to be R a < 200 nm (the skin depth at 94 GHz is 210 nm) [45] . In a diffusion bond, two surfaces are brought sufficiently close together to initiate diffusion of particles and bonding of the parts at elevated temperatures with some assistance from an applied load. Best results are achieved with pressures of 40 psi or higher at temperatures of about 1000°C. A seed layer was also used to assist in creation of the bond: an ∼10 μm thick layer of gold deposited on copper reduces the melting temperature of the material locally due to alloying effects between copper and gold creating something in-between a diffusion bond and a braze joint.
Brazing is a metal-joining process, where two parts are bonded with a lower melting temperature material (braze material); the two parts being bonded may be made of different materials if the chosen braze material is capable of wetting both surfaces. Wetting of the surfaces can be assisted by plating them with a material with better wetting qualities. Vacuum electron device components are brazed in vacuum or hydrogen environments and most commonly involve copper and copper-gold alloy based braze materials. Vacuum joint design requires considerations for material shape at brazing temperatures, proper clearance for capillary flow at temperature, cleanliness, and local to braze joint atmospheric environment.
A multilayer approach was employed in the mechanical design of the WSBK using both diffusion bonding and brazing during different steps of the assembly process to complete its vacuum envelope. The multilayer approach allowed for incorporation of strengthened materials where required.
1) The microcooling channels were machined into 0.1 in thick Glidcop Al-15 plate (cold drawn from 0.75-in-thick plate), the cooling channel side is microelectroplated with a 0.001 in copper layer to prevent vacuum leaks through the cooling channel wall. 2) The microcooling plate is then diffusion bonded at 1000°C under 50-psi load to an as-extruded Glidcop block electroplated with a 0.0005 in thick gold layer. 3) The klystron circuit structure is then machined into the cooling plate side of the bonded assembly locating the cavities such that they fall in-between the microcooling channels, thereby creating 0.010-in-thick vacuum-towater walls; braze joint features are also added during the machining operation. 4) Two halves, each consisting of an already bonded microcooling channel plate and a main block assembly, are brazed together via a set of braze channels surrounding the electron beam tunnel, its entrance and exit, and the RF input and outputs. 5) The brazing is assisted with partial load on the parts (10 psi) to assure no separation due to braze expansion since the height of the klystron cavities is the most critical dimension requiring ±1 μm tolerances. 6) After the parts are bonded, the final machining operation adds magnet pockets, gun, collector and RF windows' mating faces, and cooling channel couplers; an additional braze joint is added on the middle seam of the assembly to assure vacuum integrity 7) Finally, 0.010 in thick stainless steel covers are added to the magnet pockets to cover the macrocooling channels. The multilayer WSBK assembly steps are summarized in Fig. 6 . Three sets of alignment features were used to locate the 0.012 in wide circuit cavities between 0.010 in wide cooling channels that are spaced 0.030 in apart. The microcooling channel plate houses the first two alignment features: one for alignment of the plate to its mating as-extruded block, and the second one for placement reference of the circuit cavities and their corresponding microcooling channels. The last alignment feature was added during the machining of the circuit for the alignment between upper and lower halves. An additional brazing operation on the center seam provided an ultrahigh vacuum compatible joint between the two diffusion bonded halves.
B. Demountable Component Design
Demountable component design can often be employed for demonstration of the device operation. It provides flexibility to readily replace malfunctioning components. This approach has been employed on the WSBK for the vacuum joints between the tube itself and the electron gun, collector, and RF windows. This design permits flexibility in exchanging components without damaging or sacrificing other components of the device. It was also implemented in the 220-GHz travelling wave tube amplifier built under the DARPA HiFIVE program for the joint between the circuit block and the vacuum envelope allowing to easily replace a circuit [43] . The joint is created by plastically deforming a laser welded continuous loop of fully annealed oxygen free high-conductivity copper wire such that it conforms to the local variation of the mating surfaces. The wire is placed into a trapezoidal groove sized such that, when fully deformed, the wire fills 90% of the groove's volume; the groove depth is equal to the radius of the wire. 1 Wire sizes up to about 0.015 in diameter work well; larger sized wire work hardens before a proper joint is created. Optimal seal is developed when the fastener pattern is designed such that the bases of the neighboring screws' pressure cones overlap at the location of the wire seal groove.
The wire seal design works especially well when employed on stainless steel flanges; it has been demonstrated to withstand 450°C bake-out on the DARPA HiFIVE tube and holding ∼5 × 10 −10 torr vacuum level, and 350°C bake-out on the pulsed peak power version of the WSBK achieving ∼5 × 10 −9 torr vacuum. The cw version of the WSBK employed the wire seal design on the stainless-to-Glidcop vacuum joint. Unfortunately, Glidcop experienced local to the joint deformation and hence the copper wire did not create a proper vacuum seal. As a result, the best vacuum level achieved with that design on the cw WSBK was 2×10 −8 torr.
IV. HOT TEST RESULTS
The high-average power WSBK design is based on the demonstration of 56.3 kW of peak RF power in short pulse mode (1 μs) with 54 dB of gain using a demountable tube design, see Fig. 7(a) . The high-average power design was first operated with grounded single stage collector in short pulse mode and demonstrated 34 dB of gain with 10 kW of RF output, see Fig. 7(b) ; 3-dB RF bandwidth was measured to be 100 MHz. For long pulse operation, a multistage depressed collector was employed [31] and 10 kW of RF output was measured with 17 dB of gain for 20 ms duration pulses, see Fig. 7(c) .
The thermomechanical design reported in this paper enabled demonstration of the long pulse operation of the device. The cavities as well as the beam tunnel were at 85% of their final deformed shape after 20 ms long pulselength [29] . Even though it is difficult to directly measure deformation of the cavities during operation, the RF output performance of the WSBK gives confidence that, with proper thermal stress and deformation management design, high-average power operation in compact devices is feasible.
The output power of the device was changing minimally over the duration of the pulse (∼10%); if significant deformation was present (>2 μm) the resonant frequency of the output cavity would shift and the power output would be reduced significantly (over 50%, probably more) because of the narrow bandwidth of the device. According to cold tests and simulation models (both HFSS and CST), 1 μm change in depth would shift the frequency by 50 MHz, whereas 1 μm change in width would shift it by 30 MHz. The design was deliberately selected to allow for the cooling channels to accept part of the material deformation significantly reducing deformation within the cavities. Stable long pulse performance of the device is a clear indication of this design feature working properly.
V. CONCLUSION The mechanical design and manufacturing approach reported here was the enabler for this high-average power amplifier. The design features hybrid microcooling and macrocooling channel approach that removes heat directly from high-heat flux areas, provides stress relief, and keeps overall temperature of the components constant for minimal deformation in the cavities. Strengthened copper was employed for device manufacturing in a multilayer approach placing microcooling channels between the circuit cavities. Cold-worked strengthened copper was used for the microcooling channel plate with circuit cavities, while as-extruded block was used to create the vacuum envelope and its vacuum joints.
Demonstration of 20-kW peak power, or over 10 kW with 60 MHz 3-dB bandwidth with 20 ms long pulses is a major breakthrough that has not been reported before, and which was enabled by the mechanical design and manufacturing approach reported here. Pasour et al. [20] reported 7.5 kW of peak power (2-μs pulses) at 94 GHz in a similar device (sheet beam Extended interaction klystron) that employed a solenoidally focused beam rather than the PCM focusing system utilized in this WSBK. This work reports on a design achieving more than twice that.
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